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Abstract. Numerous studies have highlighted the merits of grafting to improve the
performance of vegetable crops. However, the technique is hindered by several obstacles,
including the synchronization of seedlings used as scions and rootstocks, and the effects of
rootstocks and climatic conditions on grafting success rates. This study sought to gain
insights into how such technical obstacles affect tomato grafting. An initial experiment
conducted in a greenhouse set out to assess the relevance of using degree-days to predict the
growth rates of seedlings used for grafting (i.e., stem diameters above cotyledons). The
success rate for grafting a tomato variety (Tanya) on 10 different rootstocks from different
species—namely tomato, eggplant, african eggplant, and a wild species—was assessed at
different temperatures (i.e., 15, 20, 25, 30, 35, and 40 8C). The effects of grafting on plant
vigor (i.e., fresh biomass), number of leaves, and plant height, and on the hydraulic
conductivity of xylem vessels in the plant stem were assessed 2 weeks after grafting. The
results show the advantage of using degree-days to predict the ready-to-graft stage of
seedlings, as it reduced the discrepancy among trials. The grafting success rate was more
than 90% at 15 and 20 8C, but decreased significantly with higher temperatures, down to
20%at 40 8C. Larger variations in growth rate for seedlings used as scions and rootstocks, a
lower grafting success rate, and less vigor were recorded for heterografted plants than for
homografted plants. The lower hydraulic conductivity measured in the stems of grafted
plants, especially heterografted plants, was consistent with the lower plant vigor observed.
Further studies are needed to investigate how grafting affects the hydraulic conductivity of
xylem vessels in later developmental stages of grafted plants.
The environmental and human health
impacts of chemicals used to control soil-
borne pathogens (e.g., methyl bromide,
carbofuran, carbosulfan) have been raising
concerns and have resulted in their gradually
being phased out at various speeds depending
on the countries involved. Efforts have been
made to identify alternatives to pesticides, such
as using plant extracts (Deberdt et al., 2012),
applying compost (Noble and Coventry, 2005)
or compost tea (Mengesha et al., 2017), inter-
cropping (Deberdt et al., 2015), and soil
solarization (Krueger and McSorley, 2009).
However, such methods do not wipe out soil-
borne pathogens, but only reduce their pressure
for a time in the first soil layers. Improving
plant resistance is believed to be the most
suitableway of dealingwith soil-borne diseases
and has been considered in vegetable breeding
programs for decades (Fufa et al., 2009; Melo-
mey et al., 2019). Breeding efforts are ham-
pered by the genetic diversity of soil-borne
pathogens and the challenge of combining
various agronomic traits, such as high yield,
quality, and resistance to abiotic and biotic
stress, in the same genotype. Grafting, the
union of two plant parts—namely, a rootstock
(base of the union to provide the root system)
and a scion (the upper portion that carries the
harvestable yield)—is seen as a complementary
technique to breeding for combining the ge-
netic potential of two plants. Although vegeta-
ble grafting has been known for a long time, it
is being used increasingly worldwide on Sol-
anaceae and cucurbit crops (Kubota et al.,
2008; Lee et al., 2010). The merits of vegetable
grafting for increasing resistance to abiotic and
biotic stress have been discussed in several
recent reviews, which stressed its potential for
tackling food security issues (Keatinge et al.,
2014; Rouphael et al., 2018). The broad genetic
diversity of the Solanaceae family has encour-
aged researchers to improve the performance of
tomato plants (S. lycopersicum) by using differ-
ent rootstocks from the same species (homo-
grafting), but also from different species
(heterografting), such as eggplant (S. melon-
gena), african eggplant (S. macrocarpon and S.
aethiopicum), and wild species (S. torvum and S.
integrifolium) (Lee and Oda, 2003). Synchro-
nizing the development of seedlings used as
scions and rootstocks is one of the technical
challenges of grafting, especially for heterograft-
ing. Seedlings of eggplant, african eggplant, and
wild species used as tomato rootstocks are
commonly sown from several days to several
weeks before sowing scions, to ensure a similar
stem diameter at the time of grafting. The
synchronization of seedlings is particularly sen-
sitive in nurseries, where climatic conditions are
poorly controlled, as seedling growth rates vary
with temperature. It would, therefore, be in-
teresting to assess the accuracy of degree-days, a
common indicator of plant phenology, to predict
seedling development (Bonhomme, 2000; Bris-
son et al., 2003; Jones et al., 2003; Keating et al.,
2003). The graft-take ratio, hereinafter called the
grafting success rate, has been reported to vary
with seasons (Huat, 2003). Guidelines on the
optimum temperature range for tomato grafting
vary considerably, depending on the authors,
from16 to 21 C (Kleinhenz et al., 2018) to 21 to
27 C (Rosskopf and Pisani, 2017) to 25 to 32 C
(Black et al., 2003). An extensive study revealed
that a constant temperature of 23 C would
appear to be the optimum for tomato grafting,
and indicated that a temperature increase from
23 to 26 C decreased the grafting success rate
by 13% to 26%, depending on the rootstock (Vu
et al., 2013). Differences in grafting success
rates among rootstocks were explained
previously by discontinuities in the vascular
bundles at the graft union (Kawaguchi et al.,
2008).
After studying the advantages of using
degree-days as an indicator of seedling
growth rates, the impacts of temperature
and rootstocks on grafting success rates were
assessed using differences in plant vigor (i.e.,
fresh biomass), plant height, and the number
of leaves. The hydraulic conductivity of
xylem vessels in the stem was also measured
to explain variations in plant vigor.
Materials and Methods
Plant materials
Seedlings of tomato, eggplant, african
eggplant (S. aethiopicum), and a common
wild species (S. elaeagnifolium) in Tanzania
(Table 1) were obtained using seedling trays
with a mix of sterilized soil (i.e., 1/3 soil, 1/3
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compost, 1/3 sand). The seedlings were
irrigated daily with a watering can and fertilizer
was applied each week with a 17–17–17 NPK
fertilizer solution diluted to 2.5 g·L–1. Grafted
plants were obtained using the splice technique
described by Black et al. (2003). Briefly, 3-
week-old tomato seedlings used as scions were
grafted onto the varieties described in Table 1.
The stems of the scions and rootstocks were cut
obliquely at a 30 angle above the cotyledons
using sterilized blades. The surfaces of the cut
scions and rootstocks were then gently joined
together using a transparent plastic clip mea-
suring 1.6 mm in diameter. The grafted plants
were stacked and kept for 3 d in a healing
chamber in the dark, then left to recover under
artificial light (5 mmol·m–2·d–1) for 15 d. Air
moisture was maintained at 95% to 100%
during the healing and recovery stages, whereas
temperatures varied depending on the treat-
ments described later.
Experimental design and data collection
Experiments were conducted from June to
Dec. 2018 in the laboratory and greenhouses
of the World Vegetable Center (WORLD-
VEG) in Tanzania (lat. –3.373, long. 36.80,
decimal degrees). The first set of experiments
sought to compare the accuracy of calendar
days and degree-days in predicting seedling
growth rates for the varieties used in this study
(Table 1). The second set of experiments sought
to assess the impacts of temperature and root-
stocks on grafting success rates, plant vigor, and
the hydraulic conductivity of stem xylem.
Assessment of seedling development
rates. Twenty seedlings per variety described
in Table 1 were sown on four dates—namely,
8 June, 18 June, 20 July, and 10 Aug.
Seedlings were laid out randomly in a green-
house covered with insect-proof nets and
polyethylene film on the roof. The stem
diameter and plant height above the cotyle-
dons of 10 of seedlings selected randomly per
variety were assessed daily using a Vernier
caliper. Such measurements were taken until
the seedlings reach a suitable stem diameter
for grafting (i.e., 1.6 mm based on our
experience, hereinafter called the ready-to-
graft stage). The temperature and air moisture
in the nursery were recorded every minute and
averaged every 30 min using a data logger
(HOBO Pro v2 U23-001; Onset Computer
Corporation, Bourne, MA) placed under a
perforated white shelter positioned 1.5 m
above the ground, with an open bottom section,
to avoid direct exposure to solar radiation. The
temperature and air moisture recorded during
the four trials are summarized in Table 2.
Assessing the impacts of temperature and
rootstocks on grafting success rates, plant
vigor, and hydraulic conductivity. Variations in
grafting success rates depending on the temper-
ature were assessed by placing 10 nongrafted
plants (i.e., control plants) and 10 plants grafted
onto each variety described in Table 1 in
separate climate chambers at 15, 20, 25, 30,
35, and 40 C. Grafted and nongrafted plants
were first placed in the dark for 3 d, then left to
recover under artificial light (5 mmol·m–2·d–1)
for 15 d. Air moisture was maintained above
95% during the healing and recovery stages
using humidifiers. Data loggers (HOBO Pro v2
U23-001, Onset Computer Corporation) were
placed in each climate chamber to record the
temperature and air moisture every 30 min. The
climate data collected in the growing chambers
are summarized in Table 3. The grafting success
rate for each treatment was assessed 2 weeks
after grafting. At that time, five nongrafted
plants and grafted plants of each rootstock from
the 20 C treatment (which displayed the great-
est grafting success rate) were selected ran-
domly. After measuring the fresh biomass
above the grafting point (or above the cotyle-
dons for nongrafted plants), the number of
leaves, the plant height, and xylem conductivity
in the stemat the grafting pointwere assessed on
each plant using a methodology proposed by
Melcher et al. (2012). Briefly, the stem section
from 2.5 cm below to 2.5 cm above the grafting
point was cut under water to avoid embolism.
One end of the samplewaswrapped in Teflon to
avoid leakage, then connected under water to a
water column 35 cm in height using a trans-
parent flexible hose. Precautions were taken to
avoid leakage and bubbles throughout the de-
vice. A beaker was placed under the free end of
the sample to collect water. Thereafter, water
was allowed to flow inside the samples for
24 h. A constant pressure was maintained
throughout the experiment by using a wide
water reservoir (a syringe 5 cm in diameter).
The amount of water flowing through the
samples was assessed using a weighing scale
to measure the quantity of water (measured in
grams) collected in individual beakers.
Xylem-specific conductivity (Ks, measured in
kilograms per megapascal per meter per sec-
ond) was determined using Eq. 1, where Q is
the recorded flux (measured in grams per
second), L is the length of the segment
(measured in meters), DP is the pressure drop
across the segment (measured in megapas-
cals), and Asw is the cross-sectional area of the
conducting sapwood (measured in square me-
ters), deduced from the stem diameter mea-
sured at the grafting point.
Ks =
Q · L
DP · Asw
[1]
Data analysis
Because scant information was available in
the literature for the basal temperatures to be
used in calculating degree-days for the devel-
opment of Solanaceous seedlings, these values
were estimated using an iterative algorithm.
For each species, linear regressions were
established between the increase in stem di-
ameters above cotyledons recorded during
the four trials and the degree-days calculated
with different basal temperatures (i.e., from 0
to 25 Cwith a 0.1 C step interval). The basal
temperatures used in linear regressions exhib-
iting the lowest root mean square error
Table 1. Description of plant materials.
Variety Species Origin Description Status
Tanya Solanum lycopersicum WORLDVEG Open-pollinated variety, determinate
type with oblong fruit
Scion/rootstock
Tengeru 1997 Solanum lycopersicum WORLDVEG Open-pollinated variety, semi-indeterminate
type with oblong fruit
Rootstock
Tengeru 2010 Solanum lycopersicum WORLDVEG Open-pollinated variety, semi-indeterminate
type with round fruits
Rootstock
Hawaii Solanum lycopersicum INRA Open-pollinated Rootstock
Shelter Solanum lycopersicum Rizk Zwaan Hybrid Rootstock
EG 203 Solanum melongena WORLDVEG Open-pollinated Rootstock
EG 190 Solanum melongena WORLDVEG Open-pollinated Rootstock
DB3 Solanum aethiopicum WORLDVEG Open-pollinated Rootstock
Tengeru White Solanum aethiopicum WORLDVEG Open-pollinated Rootstock
Wild Solanum elaeagnifolium Wild Open-pollinated Rootstock
Table 2. Climatic conditions recorded over the four trials to assess seedling growth rates.
Trials Sowing date
Mean temp
(C)
Maximum temp
(C)
Minimum temp
(C)
Air moisture
(%)
1 8 June 2018 22.8 42.5 11.8 65.8
2 18 June 2018 23.0 42.5 11.8 64.8
3 20 July 2018 24.4 42.5 13.3 61.9
4 10 Aug. 2018 24.2 42.5 13.3 63.4
Table 3. Climatic data recorded in climate
chambers.
Climate
chambers
Mean temp
(C)
Mean air moisture
(%)
1 15.4 ± 1.0 97.4 ± 8.5
2 20.1 ± 0.8 97.8 ± 6.02
3 25.3 ± 1.3 99.1 ± 3.7
4 30.0 ± 1.2 97.0 ± 5.6
5 35.0 ± 1.0 96.8 ± 6.1
6 39.5 ± 1.0 94.9 ± 9.1
The data represent the mean ± SD.
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(RMSE) were selected. The relative RMSE
(i.e., the ratio between the RMSE of predic-
tions and the mean of all measurements) was
used to compare the accuracy of the predic-
tions of the ready-to-graft stage using calendar
days or degree-days as indicators.
Analyses of variance were used on data
exhibiting a normal distribution (i.e., the
number of days or degree-days taken to reach
the ready-to-graft stage and the height of the
grafting points, along with the number of
leaves, height, fresh biomass, and hydraulic
conductivity of plants 2 weeks after grafting)
to assess significant differences between treat-
ments. Post hoc analyses were carried out
when there were significant differences, with
multiple comparison analyses of means using
Tukey’s honestly significant difference test.
Kruskal Wallis tests were used on the data on
the grafting success rate at different tempera-
tures because they did not follow the normal
distribution. All statistical analyses were car-
ried out with R software (RDevelopment Core
Team, 2012) using the agricolae package (De
Mendiburu, 2014).
Results
Variations in seedling growth rates. The
time taken to obtain ready-to-graft seedlings
varied significantly among species, cultivars,
and trials from 21.2 to 43.7 d (Table 4). The
position of the grafting point (i.e., above
cotyledons) of the tomato rootstocks was
significantly greater than that of the other
species. The basal temperature used to cal-
culate degree-day exhibiting the lowest
RMSE in linear regressions were 15.6, 15.2,
14.2, and 13.2 C for tomato, eggplant,
african eggplant, and the wild species, re-
spectively. In contrast to the number of
calendar days, the number of degree-days
needed to obtain ready-to-graft seedlings did
not vary among trials, except for the Hawaii
and Tanya varieties. Lower relative RMSEs
were obtained for the predictions of the
ready-to-graft stage using degree-days as an
indicator for most of the varieties.
Impact of temperature on the grafting
success rate. Grafting success rates greater
than 90% were obtained at 15 and 20 C, but
they decreased linearly with higher tempera-
tures, down to less than 20% at 40 C (Fig. 1).
Some nongrafted plants died when the temper-
ature reached 40 C. Statistical analyses in-
dicated that the success rate for heterografting
was significantly less than for homografting at
30 C, but no significant differences were
established at the others temperatures (Fig. 1).
Impact of rootstocks on grafted plant vigor.
The fresh biomass of grafted plants above the
grafting pointwas significantly less 2weeks after
grafting than that of nongrafted plants above the
cotyledons, except for some tomato rootstocks
(Tanya, Tengeru 2010, Tengeru 97) (Fig. 2A).
Grafted plants were smaller (Fig. 2B) and had
fewer leaves (Fig. 2C) than nongrafted plants.
The hydraulic conductivity of xylem vessels in
the stem of plants grafted onto eggplant, african
eggplant, and the wild species was significantly
less than that of the nongrafted plants. No
significant difference was established between
the hydraulic conductivity of nongrafted plants
and that of plants grafted onto tomato rootstocks,
except for plants grafted onto ‘Hawaii’.
Discussion
Our results highlight the challenge of
synchronizing the development of scion and
rootstock seedlings when the temperature is
not controlled, especially in the case of
heterografting. Using degree-days to predict
the ready-to-graft stage of seedlings reduced
the variability among experiments. It is worth
noting that the accuracy of predictions using
degree-days is challenged by temperature
forecasts under uncontrolled conditions.
Nevertheless, this indicator can help to fine-
tune the sowing schedule of rootstock and
scion according to climatic conditions. The
large relative RMSE values for the prediction
of the ready-to-graft-stage using degree-day
as an indicator suggest that factors other than
temperature, such as light or air moisture,
might be involved in the variations observed
among experiments.
In line with a previous study (Vu et al.,
2013), our results show that grafting success
rates decreased at high temperatures. These
results highlight the need to keep grafted
plants at low temperatures (i.e., 15 to 20 C)
during the healing and recovery periods.
Such temperatures are hard to maintain in
low-cost healing chambers in warm cli-
mates, where outside temperatures can
Table 4. Differences in seedling growth rates for tomato rootstocks (i.e., the number of days or degree-days needed to reach the ready-to-graft stage and plant
height at the ready-to-graft stage).
Species Variety
Ready-to-graft stage
(calendar days)
Ready-to-graft stage
(degree-days)
Plant ht above cotyledons
(cm)
Tomato Tengeru 2010 21.4 ± 17.9 (17.6%)*** c 105.2 ± 15.4 (15.3%) NS d 3.2 ± 29.7 NS a
Hawaii 21.2 ± 23 (22.7%)*** c 103.3 ± 20.1 (19.7%)** d 3 ± 37.2 NS ab
Shelter 21.6 ± 18.2 (18.3%)*** c 105.3 ± 15.4 (15.7%) NS d 3.2 ± 34.6 NS a
Tanya 21.6 ± 20.5 (20.6%)*** c 104.9 ± 17.4 (17.4%)** d 2.9 ± 33 NS ab
Eggplant EG 203 35.5 ± 25.5 (25.1%)*** b 189.2 ± 21.6 (21.1%) NS c 2.5 ± 35 NS bc
EG 190 35.2 ± 19.2 (19%)*** b 187 ± 14.6 (14.4%) NS c 2.4 ± 38.3 NS bc
African eggplant Tengeru White 40.7 ± 17.6 (17.4%)*** a 309 ± 17.4 (17.2%) NS ab 2.1 ± 32.5 NS c
AE DB3 43.1 ± 21.8 (21.9%)*** a 328.6 ± 22.5 (22.5%) NS a 2.4 ± 42.1 NS bc
Wild Wild 43.7 ± 24.5 (28.2%)* a 289.1 ± 28.2 (27.6%) NS b 2.5 ± 34.9 NS bc
The data represent the mean ± the variation coefficient for the four trials. The relative root mean square error is within parentheses. Different letters indicate a
significant difference in the column between varieties according to Tukey’s test (P = 0.05).
NS, *, **, ***Nonsignificant or significant at P # 0.05, 0.01, or 0.001, respectively, among trials for the same variety.
Fig. 1. Impacts of temperature on grafting success rates. The annotations NS, *, **, and *** at the bottom of
the graph indicated whether nonsignificant or significant differences in P values of 0.05, 0.01, and
0.001, respectively, were established between heterografted and homografted plants. The legends are
indicated in the graph.
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exceed 30 C. Under such conditions, using a
zero-energy cooling chamber in dry and hot
climates, or an underground healing cham-
ber, would be helpful in reducing tempera-
tures (Kitinoja, 2013).
The greater grafting success rate and the
greater vigor measured for homografted
plants than for heterografted plants con-
firmed the practical merits of using root-
stocks of the same species (King et al.,
2010). Nevertheless, greater resistance to
abiotic and biotic stress, as well as the lower
cost of seeds, may justify heterografting.
Our measurements brought to light the
negative impact of grafting on the hydraulic
conductivity of xylem vessels in the stem a
few weeks after grafting. Similar results were
reported previously on tomato by Kawaguchi
et al. (2008), who used another method to
assess hydraulic conductivity based on the
migration of a dye within samples subjected
to a vacuum. They explained the lower
conductivity measured in grafted plants by
discontinuities in the vascular bundles at the
grafting points. The lower conductivity in
grafted plants in comparison with nongrafted
plants was consistent with the lower vigor
(i.e., fresh biomass, plant height, and number
of leaves). Our findings agreed with the
previous study, presuming that grafting in-
compatibility could be explained in part by a
reduction in assimilate translocation between
the roots and the aboveground organs of the
plant caused by a decrease in hydraulic
conductivity (Kawaguchi et al., 2008).
It is worth noting that hydraulic measure-
ments were taken in this study a few weeks
after grafting, as done by Kawaguchi et al.
(2008). Contrasting results might be obtained
if measurements were taken at later develop-
mental stages of grafted plants. This hypoth-
esis is backed up by a previous study on olive
trees reporting that, although the grafted
union represented the largest fraction of
whole-plant hydraulic resistance within a
few months after grafting, that proportion
declined exponentially with time and became
negligible after 1 year [i.e., less than 10%
(Gasco et al., 2007)]. These findings are also
supported by other studies on kiwifruit
(Clearwater et al., 2004) and peach (Solari
et al., 2006), reporting that the grafting point
made just a small contribution to whole-tree
hydraulic resistance at advanced stages of
development. Further studies therefore need
to assess changes in the contribution made by
the grafting union to the total hydraulic
resistance of grafted tomato plants up to the
latest developmental stages. Such results
would be of particular interest for tomato,
because the growing period varies consider-
ably from 4 months to more than a year,
depending on the varieties used.
Conclusion
Although grafting can be useful for in-
creasing the resistance of vegetables to abi-
otic and biotic stress, its implementation is
hindered by technical obstacles. Large vari-
ations in the growth rates of seedlings com-
plicate their synchronization for grafting,
especially for heterografting and when cli-
matic conditions are poorly controlled. Our
results provide evidence of the merits of
degree-days as an indicator for predicting
the ready-to-graft stage of seedlings. Tem-
peratures between 15 C and 20 C were
maintained during the healing and recovery
stages to obtain a high grafting success rate.
Lower grafting success rates and vigor (i.e.,
plant height, biomass, and number of leaves)
were obtained with heterografted plants than
with homografted plants. The negative im-
pacts of grafting on plant viogor were related
to a reduction in the hydraulic conductivity of
the plant stem close to the grafting point.
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